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Abstract 
Asymmetric Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) membranes were prepared in three configurations, 
containing either a thin PL porous layer (40 µm), and/or a DS dense membrane (500 µm), and/or a 
PS porous substrate (500 µm). Activated carbon (i.e. porogen agent) at 20 wt% was mixed with 
BSCF to form porous structures. The membranes were processed by dry pressing followed by 
sintering at high temperatures. The best oxygen fluxes of 2.86 mL min
-1
 cm
-2 
at 850 °C were 
achieved with the PL-DS membrane configuration, which delivered a 42% higher oxygen flux than 
the DS dense membrane. This improvement was attributed to the larger contact area with the air 
feed conferred by the thin PL porous layer. However, the PL-DS-PS configuration resulted in a 
21% decrease of oxygen flux as compared to the PL-DS membrane which strongly suggested that 
the PS porous substrate contributed extra resistance to the transport of oxygen. CT scan analysis of 
the PS porous substrate revealed that the pore volume was concentrated in the center of the PS 
porous substrate, with a reduced pore volume contribution closer to the external surface. 3D 
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analysis revealed the connectivity of the regions closer to the external surface was over three orders 
of magnitude lower than that of the center of the PS porous substrate, thus creating a bottle-neck. 
Although all pores were large (> 1 µm), the expected resistance should be very low, however, the 
bottle-neck region closer to the external surface provided additional resistance for the transport of 
oxygen from the membrane interface to the permeate side. 
 
Keywords: dense BSCF, porous BSCF, oxygen flux, porosity. 
 
1. Introduction 
Perovskite ceramic membranes are very attractive for oxygen separation owing to perovskite’s 
mixed ionic and electronic conducting (MIEC) properties, allowing for concomitant transport of 
ions and electrons. Since the pioneering ion transport development work in perovskite materials by 
Teraoka et al. [1] in 1985, this technology has progressed towards industrial development and 
deployment in a short time span of 25 years [2], with 100 tonnes of oxygen produced per day by 
2015 [3]. One of the major envisaged applications is to deploy perovskite membranes in coal power 
stations [4, 5], where coal is directly combusted with pure oxygen, a process called oxyfuel 
combustion. In this process, a high CO2 concentration is produced which has the potential to be 
transported to safe geological sites for permanent storage [6, 7]. One of the most studied perovskite 
materials for ion transport membranes is Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) which was reported by 
Shao and co-workers [8] in the early 2000s. Since then there has been a concerted research effort to 
improve and optimize BSCF with a specific focus on increasing oxygen fluxes from 1 to 10 mL 
min
-1
 cm
-2
 at high operating temperatures (800–900 °C). Methods have included altering membrane 
shape (i.e. disc, hollow fibers and capillaries) [9-15], the material itself by doping BSCF with 
cations (i.e. Bi, Zn, Y, W and Sr/Ti) [16-21], and processes associated with membrane thickness 
[22] and sintering conditions [23, 24].  
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A new generation of planar perovskite membranes has been reported by Baumann and co-workers 
[25] with oxygen fluxes of 12.2 mL min
-1
 cm
-2
 reported. These planar membranes were prepared 
using BSCF as a porous substrate (830 m) and as a dense thin film (70 m). Apart from improving 
oxygen flux, the porous substrate made by the same material as the dense thin layer conferred 
superior mechanical properties [26, 27]. The high oxygen fluxes were attributed to the reduction of 
membrane thickness, which overcame ion bulk diffusion limitations until the critical thickness (Lc) 
of the membrane was reached. The Lc is defined by the surface exchange kinetics equaling bulk 
diffusion, so the former becomes the limiting factor for oxygen transport when the membrane 
thickness was reduced further [28-30]. The Lc values could be as high as 1.1 mm for BSCF 
membranes [31], and as low as 400 nm for yttrium-doped BSCF membranes [32]. Further 
improvement in oxygen fluxes has been achieved by surface modification which aimed to increase 
the contact surface area with oxygen molecules. This was demonstrated by Liu and co-workers by 
acid etching perovskite membranes [33] and by spray coating BSCF powders on BSCF membranes 
[34, 35]. Hence, there are major advantages of thin dense perovskite films on porous substrates, in 
addition to surface modification. 
 
The preparation of porous substrates for perovskite membranes can be achieved using oxalic acid as 
a complexation agent without pore forming additives [36, 37]. Another approach is to use porogen 
agents or other materials as additives to form porous substrates. For example, adding carbon fiber 
mixed with ethyl cellulose to the porous substrate layer of BSCF [38] and SrFeCo0.5Ox [39]. The 
porosity (%) in porous BSCF substrates was also investigated by Baumann and co-workers [40] and 
Kovalevsky et al. [41]. In all these examples, there is clear evidence that the oxygen flux of the 
asymmetric membranes increased due to the porous layers, which provided an improvement in the 
oxygen molecular transport rate. However, the porous substrate and its ensuing porosity can also 
play a role in limiting gas diffusion. A further consideration affecting oxygen fluxes is pore 
connectivity. Rachadel et al. [42] recently reported that unconnected pores in BSCF membranes 
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formed non-conductivity domains, which hindered the diffusion of oxygen ions and consequently 
led to a reduction of oxygen fluxes. 
 
In this work, we investigate the effect of the BSCF as a porous layer and as a porous substrate on 
the performance of thin dense BSCF membranes. We prepared asymmetric BSCF membranes for 
oxygen separation using activated carbon as the porogen agent in order to improve the pore 
structure and connectivity. The porous substrate and the asymmetric membranes were characterized 
by scanning electron microscopy and X-ray diffraction. Computerized tomography of the porous 
substrate was carried out to determine pore connectivity via 3D image analysis. The membranes 
were tested for oxygen separation from air up to 850 °C, and permeation results were evaluated in 
terms of the effect of porous layer and porous substrate length on the oxygen permeation and 
separation from atmospheric air. 
 
2. Experimental 
Green BSCF powders were prepared via the EDTA-citrate method. Briefly, barium nitrate [>99wt% 
A.C.S. reagent, Sigma-Aldrich], strontium nitrate [99wt%, Alfa Aesar], cobalt nitrate [>98wt% 
A.C.S. reagent, Sigma-Aldrich] and iron nitrate [>98wt%, Alfa Aesar] together with citric acid 
[>99wt%, Ajax Finechem] and ethylene-diamine-tetra-acetic acid (EDTA) [>99wt%, Ajax 
Finechem] were used as received without any further modification. These metal nitrates were mixed 
with deionised water in a beaker and mixed using a magnetic stirrer. The stoichiometric molar ratio 
of the metal ion, citric acid and EDTA mixture was 10:20:11. Upon heating the solution to 100 °C, 
10.5 mol ammonia / mol of metal ions was added until a gel was formed, which was then calcined 
at 700 °C for 8 h to remove the organic matter. The resulting powder was milled with ethanol in a 
Fritsch Pulverisette 7 planetary ball mill for 30 minutes, and then dried to remove any remaining 
ethanol.  
 
  
5 
 
The assembled asymmetric BSCF membrane consisted of three layers, namely: a porous layer (PL), 
a dense membrane (DM) and a porous substrate (PS) as shown in Fig. 1. Both PL porous layer and 
PS porous substrate were prepared by adding 20 wt% of activated carbon (Norit SA-5) as a porogen 
agent to the green BSCF powder, followed by dry milling for 5 min in a Fritsch Pulverisette 7 
planetary ball mill. The mixed BSCF and activated carbon mixture was transferred into a mold and 
lightly pressed (0.05 kPa) for 10 s to form a flat surface. Subsequently, an amount of pure BSCF 
powder was added on top of the pre-pressed disc and lightly pressed again to form the DM dense 
membrane. A variant was also used where the membrane contained the PL porous layer and DM 
dense membrane to compare against the effect of the PS porous substrate on the transport of gases. 
A list of the membrane configurations follows in Table 1: 
 
Fig. 1. Schematic of the asymmetric membranes 
 
Table 1. Membrane configuration 
Configuration Description 
DM Dense membrane – BSCF without porogen agent 
PL-DM (20%) Dense membrane plus porous layer – PL contains BSCF plus 20wt% 
porogen agent 
PL-DM-PS (20%) Dense membrane plus porous layer plus porous substrate – both PL and PS 
contain BSCF plus 20wt% porogen agent 
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Finally, the desired asymmetric membrane configuration (DM or PL-DM or PL-DM-PS) in disc 
shape was pressed for 10 min at 130 MPa. The final asymmetric membrane was initially sintered in 
air up to 500 °C at a ramp rate of 1 °C min
-1
 and a dwell time of 1 h to remove carbon and any 
organic compounds. A second sintering process was applied up to 900 °C with a faster ramp rate of 
5 °C min
-1
 and an 8 h dwell, followed by further sintering up to 1050 °C at 5 °C min
-1
for the same 
period of time. Finally, the samples were cooled down at 5 °C min
-1
.  
 
X-ray diffraction (XRD) analysis was carried out to determine the crystal structure of the sintered 
porous BSCF substrate disc using a Rigaku Desktop Miniflex II (30KV, 15mA, Cu Kα radiation), 
with the discs crushed into powders for analysis. The diffraction patterns were measured for 
diffraction angles 2θ between 10° and 105° at room temperature. The crystal lattice parameter of the 
BSCF was calculated using PANalytical X’Pert software. The surface and cross section 
morphology of the disc membranes was analyzed via field emission scanning electron microscopy 
(FE-SEM) using a JEOL JSM-6390LV at an accelerating voltage of 15 kV. Two and three 
dimensional analysis of the substrate microstructure was performed using computerized 
tomography (CT). CT was carried out using 3D X-ray microscopy (VersaXRM-500, Zeiss/Xradia) 
with X-ray voltage at 70 kV, X-ray power at 6 W, resolution of 1.64 µm/pixel and a field of view of 
1.6 mm × 1.6 mm × 1.6mm. Samples were set in a holder mounted on a precision rotation table. 
Samples were rotated through 360°, and a cone-shaped X-ray was emitted from a 2-µm aperture. 
The X-ray CT raw data were collected every 0.225° for a total of 1601 projections. The CT raw 
data was then processed into reconstructed 3D images of the sample cross section. Porosity and 
connectivity parameters of the substrate were calculated using ImageJ software by segmenting the 
3D images into solid material and pores using threshold values according to the reconstructed 
binary images. 
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Oxygen permeation of the BSCF asymmetric discs was conducted using an in-house-built 
permeation rig. The discs were assembled in a quartz tube, sealed and tested, and re-sealed and 
tested until nitrogen leaks were no longer detected at room temperature. The quartz tube together 
with the BSCF asymmetric disc were placed in a Eurotherm high temperature furnace.  In all 
measurements, the thin PL porous layer faced the atmospheric air in the feed side, whilst the DM 
dense membrane and/or the PS porous substrate faced the argon sweep gas in the permeate stream. 
The latter was analyzed using a gas chromatograph (Shimadzu GC-2014 with 5 Å molecular sieve 
column) in which argon was used as the carrier gas. The permeate flow rate was measured via a 
bubble flow meter. Any minor ingress of molecular air during high temperature permeation testing 
(i.e. mainly in the sealed area) was deducted from the oxygen flux using equation 1: 
A
F
xxJ NOO 






222 79
21
     (1) 
where JO2 is the oxygen permeation flux (ml min
-1
 cm
-2
) which corresponds to the ionic transport of 
oxygen, F is the flow rate of permeate stream (ml min
-1
), and A is the membrane area (cm
2
). 
 
3. Results and discussion 
The XRD patterns displayed in Fig. 2 show strong peaks with 2θ angles of 22.4, 31.7, 39.1, 45.5, 
51.2, 56.5, 66.3, 75.6 and 92.7° which are related to the cubic perovskite phase of BSCF (055-0563). 
These patterns confirm that the rich carbon porogenic agent has not affected the crystal structure in 
the sintered porous substrate. This is an important point as the combustion of activated carbon 
embedded in the perovskite matrix during calcination in air at high temperatures generated CO2, 
which has the propensity to form carbonates [43-45], thus affecting the BSCF structure. This is not 
the case in this work as no secondary phases containing metal oxides were observed in the XRD 
patterns. This was attributed to the complete burn off of the porogen agent and subsequent 
prolonged exposure of the porous substrate to air calcination at high temperature. The refined lattice 
parameters a=b=c were 0.398 nm, confirming a cubic crystal structure consistent with results 
  
8 
 
published elsewhere for BSCF materials [10, 42, 46]. This is further evidence that the carbon-rich 
porogen did not affect the final BSCF structure. 
 
Fig. 3 shows FE-SEM images of the cross section of the BSCF asymmetric membrane. As 
displayed in Fig. 3a, there is a clear interface between the dense membrane and the porous 
substrate. The use of activated carbon as a porogenic agent created a non-homogeneous, irregular 
porosity with a wide range of interconnected pore sizes. Fig. 3b presents a high magnification 
image of the PL-DM membrane configuration where the PL porous layer has a thickness of ~40 m 
in thickness. The thickness of the DM dense membrane and the PS porous substrate were both 
measured at ~500 m (Fig. 3c and Fig. 3d, respectively). 
 
 
Fig. 2. XRD patterns for sintered BSCF porous substrate. 
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Figure 3. FE-SEM dross section images of BSCF membranes: (a) interface between DS dense 
membranes and thin PL porous layer; (b) PL porous layer, (c) DM dense membrane and (d) PS 
porous substrate.  
 
As observed in Fig. 4, the oxygen fluxes of all membranes increased as a function of temperature. 
This performance behavior is common in BSCF perovskite membranes, and is attributed to the 
temperature dependent oxygen ionic transport coupled with surface exchange kinetics. Starting with 
the DS dense membrane, the oxygen fluxes increased by over one order of magnitude from 0.15 to 
2.02 ml min
-1
 cm
-2
, as the temperature was raised from 550 to 850 °C. The latter permeation value 
is also close to that of the improved yttrium-doped BSCF discs (thickness of 500 µm) of 2.4 ml min
-
1
 cm
-2
 [28] also at 850 °C. It is interesting to observe that oxygen fluxes were measurable at 
intermediate temperatures (550 to 700 °C), as this temperature range becomes more appealing for 
engineered air separation units due to greatly reduced energy requirements as compared to 
conventional high temperature (>700 °C) operations [4, 47]. 
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The coating of the thin PL porous layer (thickness of ~40 µm) greatly improved oxygen fluxes by 
up to 42% at 850 °C, with increases from 2.02 to 2.86 ml min
-1
 cm
-2 
for the DM and PL-DM 
membranes, respectively. This improvement, however, cannot be attributed to a catalytic layer as 
the same BSCF material was used for both DM dense membrane and PL porous layer. In this case, 
the PL porous layer increased the surface area available for contact with oxygen molecules in the 
feed side, which allowed for an increased number of oxygen ions to diffuse through the membranes. 
Similar improvements were reported by acid surface modification of BSCF hollow fibers [33], or 
by coating a thin porous layer of BSCF dense membranes [34, 35], thus increasing the contact area 
and likewise the oxygen fluxes. In other words, the DM and PL-DM membranes are still operating 
in a bulk diffusion limited transport, as a minimum thickness of 500 µm is still higher than the 
characteristic thickness possible at 400 µm [32]. 
 
The addition of the PS porous substrate to the PL-DM membrane, thus forming an asymmetric PL-
DM-PS membrane, consistently reduced the oxygen flux for all tested temperatures. These 
decreases ranged from ~15% at the high temperature end up to 30% at the low temperature end. 
These oxygen fluxes for the PL-DM-PS membrane are still higher than the DM dense membrane 
counterparts. Hence, it is interesting that a very short PL porous layer of ~40 µm thickness is highly 
beneficial whilst a thicker PS porous substrate of ~500 µm added resistance to the permeating 
oxygen molecules. Nevertheless, these results are in line with recent work reported by Niehoff et al. 
[34] that porous substrates exerted an undesirable resistance to the transport of oxygen. Therefore, 
there is a trade-off that while asymmetric perovskite membranes allow for the preparation of very 
thin dense films which give high oxygen fluxes, the porous substrate partially reduces the oxygen 
flux. 
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Fig. 4. Oxygen flux of three different membrane configurations as a function of the temperature. 
 
In order to further understand the morphological features of the PS porous substrates, 3D image 
analysis was performed by reconstructing binary images from CT scans. First, the threshold binary 
images were digitally treated for connectivity analysis by eliminating enclosed cavities. A 3D view 
shows the distribution of the pores on the surface (Fig. 5a) and the porosity structure into the porous 
substrate (Fig. 5b). It is clearly observed that the pores are not homogeneously distributed on the 
surface and inside the PS porous substrate. The CT scan results thus confirm similar structural 
features of the PS porous substrate as observed in the FE-SEM analysis (Fig. 3a). Table 2 lists the 
porosity results for a series of slices of the reconstructed 2D images from the CT scans. Four 
measurements, each one containing a sequence of images, were calculated in the XY and XZ 
directions. An average of these values shows that the total porosity of the PS porous substrate is 
33%. 
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Fig. 5. 3D view of porous structure in a BSCF substrate: (a) surface and (b) internal. 
 
Table 2. Porosity of BSCF substrate 
BSCF substrate 
XY direction XZ direction 
Sequence 1 Sequence 2 Sequence 3 Sequence 4 
Porosity 32.33% 35.11% 33.36% 32.74% 
Mean 33.4% 
 
 
To understand the morphological features of the PS porous substrate in more detail, 3D graph 
analysis of the distribution of the pore sizes throughout the PS porous substrate is depicted in Fig. 6. 
Different colors indicate different pore sizes, which range approximately from 2–60 µm. 
Connectivity between the formed pores is observed, confirming the interconnected porosity in Fig. 
3a. An observation of note is that the interconnected porous structure is more concentrated in the 
center (i.e. closer to the interface of the DM dense membrane) of the sample, and reduces towards 
the external surface of the PS porous substrate. To further quantify the difference in porosity 
between the inner part and external surface of the PS porous substrate, the connectivity density 
(Conn.D) was calculated based on the Euler characteristic [48, 49], which represents an integral 
geometry related to the number of clusters per unit volume. Table 3 confirms the higher 
connectivity in the internal part closer to the center of the PS porous substrate, corresponding to a 
volume three orders of magnitude higher than that closer to the surface. This is a clear indication 
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that the porous structure produced using activated carbon formed interconnected pores, with greater 
predominance towards the center, which has also been observed in studies elsewhere [50, 51]. 
 
 
Fig. 6. Pore size distribution throughout the porous BSCF substrate. 
 
Table 2. Connectivity values in the porous BSCF substrates 
Porous substrate 
Conn.D (m-3) 
Slices close to the surface Slices in the center 
 
2.54 x 10
-5
 2.77 x 10
-2
 
    
The reduction of pore volume and pore connectivity close to the external surface explains the gas 
transport resistance in the PS porous substrate measured in this work. In principle, gas-through-gas 
diffusion at high temperatures at the feed and permeate sides occurs at a faster rate than through 
membranes [52]. Likewise, the pore sizes measured by the CT scans show very large pores > 1 µm. 
These macropores are too large, relegating the transport of gases to viscous flow, which offers little 
resistance to gas transport [53, 54]. In other words, the DM dense membrane is still rate-
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determining, thus limiting gas transport. However, as pore connectivity and pore volume greatly 
reduced closer to the external surface, this region created a bottle-neck as schematically depicted in 
Fig. 7 and an additional gas transport resistance. Further, at this bottle-neck region there is a 
chemical potential between the permeate side and the DM dense membrane and PS porous substrate 
interface. Therefore, the argon sweep gas molecules from the permeate side are also transported into 
the PS porous substrate. At the same time, oxygen molecules recombining at the DM-PS interface 
from oxygen ions, are driven out of the PS porous substrate as the partial pressure of oxygen at the 
DM-PS interface is higher than at the external surface of the PS porous substrate. The combined 
effect of bottle-neck and gas transport and exchange provide additional resistance, as evidenced by 
the 21% oxygen flux reduction for the membrane containing the PS porous substrate. 
 
Fig. 7. Schematic representation of bottle-necks at the external surface of the PS porous substrate. 
 
4. Conclusions 
This work shows that adding a thin PL porous layer on a DS dense membrane improved oxygen 
fluxes by 42% at 850 °C, which was attributed to the improved contact area of the PL-DS interface 
with the air feed. Contrary to this improvement, the addition of a PS porous substrate (the PL-DM-
PS configuration) delivered a 21% decrease of oxygen flux as compared to the PL-DS membrane. 
The PS porous substrate resulted in large pores (> 1 µm), where the resulting oxygen transport 
resistance would be low and the transport of gas would be regimented by viscous flow. In principle, 
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the DS dense membrane was the limiting step to oxygen permeation. 3D analysis based on CT 
scans revealed the formation of a bottle-neck region, with a high pore volume at the center of the PS 
porous substrate and low pore volumes closer to the external surface. Calculations on the 3D images 
strongly suggest that the connectivity of the regions closer to the external surface was over three 
orders of magnitude lower than that of the center part of the PS substrate, thus creating a bottle-neck 
which explains the additional resistance for the transport of oxygen from the membrane interface to 
the permeate side. 
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Highlights 
 Asymmetric BSCF dense membrane (DM) with porous layer (PL) and substrate (PS).  
 Adding a PL porous layer to DS (PL-DS configuration) increase oxygen flux by 42%. 
 Adding a PS porous substrate (PL-DS-PS configuration) reduced oxygen flux by 21%. 
 CT scan show higher pore volume at the center of the PS porous substrate. 
 3D analysis revealed a bottle-neck at the PS external surface for oxygen transport. 
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